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I. INTRODUCTION
One dimensional nanowires are promising for photovoltaic applications [1] - [3] and there are many studies on solar cells based on multiple as well as single nanowires already reported in the literature [4] - [8] . Tsakalakos et al. [4] and Sivakov et al. [5] studied solar cells based on arrays of nanowires and they both achieved moderate to large current densities as well as low optical reflectance. The p-n junction based solar cells in reference [4] were fabricated on metal foils with p-type silicon nanowire arrays covered by n-type amorphous silicon and produced a promising current density of ~1.6mA/cm -2 In reference [5] , vertical silicon nanowire array based solar cells were fabricated on glass substrates by electroless wet chemical etching, and maximum V OC of 450 mV, short circuit current density (J SC ) of 40 mA/cm -2 and a high power conversion efficiency of 4.4% were obtained. Experimental study [7] on solar cells comprising multiple SiNWs with dual work function metals obtained a high I SC of 91 nA. The relatively fewer studies on single nanowire based solar cells also look promising. Tian et al. [6] studied single p-i-n coaxial silicon nanowires and measured open circuit voltage (V OC ) of 0.26 V and short circuit current (I SC ) of 0.503 nA while Kelzenberg et al. [8] studied single-nanowire solar cells with one rectifying junction created by electrical heating of the segment of the nanowire beneath it. For a nanowire of diameter 900 nm, they achieved a V OC of 0.19 V and a J SC of 5.0 mA/cm 2 . These experimental works represent first steps towards nanotechnology based third generation solar cells, and further studies are needed to understand the underlying principles, their various limitations, as well as to find ways to improving device designs to optimize photovoltaic performances. In this work our goals are to investigate effects of nanowire dimensions, its minority carrier lifetime or diffusion length, difference of metal contact work functions on short circuit photo current as well as open circuit voltage. We also explore ways to improving I SC , especially for long wires.
Section II describes the device structure and the simulation approach. Section III discusses the major results while the paper is concluded in Section IV. Fig. 1 is a sketch of the device structure under study. Here a rectangular cross-sectional area nanowire is supported on an insulating substrate. Length, width, and height of the wire are denoted by L, W and H, respectively. At each of the two ends of the wire, there is a metal pad with a specific work function. Light is incident vertically on the top surface (of area L x W) of the wire. In all simulations, a 1 nm thick oxide layer is assumed to cover the Si nanowire surface, except where there are metal pads. The substrate plays no role in simulation. Devices simulations were done with Silvaco Atlas [10] software, in which drift-diffusion and carrier continuity equations were solved self-consistently with Poisson's equation. Metal contacted surfaces of the wire are specified with an associated work function whereas in surfaces without any metal contact, homogeneous Neumann boundary conditions are applied. Optical generation is calculated in ray tracing method. To simulate carrier recombination, we have considered both Shockley-Read-Hall and Auger processes.
II. DEVICE STRUCTURE AND SIMULATION METHOD

III. RESULTS AND DISCUSSION
In this section, we discuss the important results in our work. For all results, the light source is considered to be the standard solar spectrum air mass 1.5 (AM1.5). A doping density of 15 -3 10 cm (p-type) has been used throughout, and metal work functions of 5.5eV (Metal 1) and 4.0eV (Metal 2) have been employed.
A. Short Circuit Current and Open Circuit Voltage
In Fig. 2 , we plot the I-V profile (with light) of a nanowire with W=100 nm and H=35 nm. The length of the wire varies from 10 µm to 1000 µm, and minority carrier lifetime of 10 µsec, which corresponds to a diffusion length of about 160 µm, is used. The photocurrent versus voltage curves are typical of any solar cells, but it should be noted that they move down in current axis as the length of the wire increases. I SC (current at zero voltage) first increases rapidly with length but eventually saturates at larger lengths. This is because as the length increases, the probability of recombination of excess charge carriers before they reach their respective contacts also increases, thereby limiting the number of charges that can reach their respective terminals. V OC, as shown in the inset of Fig. 2 , has a similar trend. 
B. Photocurrent vs Lifetime
As seen in Fig. 2 , photo current saturates for long nanowires. However, as the length of the nanowire increases, the area of its top surface -the illuminated area -increases linearly with length for a fixed width. The larger illuminated area, in turn, means more light absorption and increased photogenerated carrier densities inside the wire for fixed height. Hence we should expect larger photo currents for longer wires. This explains the initial photocurrent increase with length. Saturation, however, occurs due to recombination of minority carriers as they travel towards a metal contact. This is the behavior seen in Fig. 3 , which plots the short circuit photo current versus wire lengths for minority carrier lifetimes of 1µsec (solid curve with squares) and 0.1 µsec (dashed curve with circles). The saturation lengths, extracted from Fig. 2 , for the two cases are approximately 250 µm and 80 µm, respectively, while the diffusion lengths are 50.8 µm and 16.1 µm, respectively. Thus the saturation lengths are about five times the diffusion length. This can be explained as follows: For a photo generated carrier concentration of dn 0 at a location x 0 , the excess carrier density at location x due to diffusion is
where L n is diffusion length. Assuming, a distance x-x 0 =5L n ,
Thus carriers generated beyond five times the diffusion length from the contact mostly recombine inside the wire, which causes photo current saturation. 
C. Metal Work Function Difference and Alternative to Doping
From simulations, we find that the larger the difference between the two metal work functions, the larger the contact asymmetry, and the better the photovoltaic properties. This is obvious from the green curves in Fig. 4 . Minority carrier lifetime of 10 µsec has been assumed. Here, solid line with circles is for contact work function difference of 0.5eV while solid line with squares is for 1.5eV. Fig. 4 also plots the photocurrent for a p-i-n nanowire device in which the contacts are Ohmic but the parts of the nanowire below the contacts are doped with equal but opposite doping types. p-i-n nanowire solar cells have been used in [11] , [12] . However, it is usually difficult to precisely control the doping profile in a nanodevice [13] - [15] . Therefore if the metal work function difference can eliminate the need of any doping, it will be advantageous. Indeed, we see in Fig. 4 that metals with work function difference of 1.5 eV (work functions of 4.0eV and 5.5eV) can give the same short circuit photocurrent as that produced by doping concentrations equal to or in excess of 1E20 cm -3 . Thus appropriate selection of metals can replace doping requirements and make the design simple and low cost. 
D. Short Circuit Current per Top Surface Area
In addition to I SC and V OC , current density is an important parameter for a solar cell as it represents the area efficiency of the device. In a conventional solar cell, current flows from the top of the device to its bottom so that short circuit current divided by the device top surface area gives the short circuit current density. However, in our horizontally lying nanowires current flows parallel to the top surface. Therefore, for our device we define J SC = I SC / (L*W). Fig. 5 plots the J SC for minority carrier lifetimes of 1µsec (solid curve with squares) and 0.1 µsec (dashed curve with circles). J SC decreases as wire length increases, with the shorter the lifetime the faster the decrease. The reason is again attributed to increased recombination of photo generated carriers before collection at the contacts as wire length increases. We have found that short circuit current scales linearly with wire width, so the curves in Fig. 5 are independent of wire width. 
E. Improving Short Circuit Current in Long Wires
For long wires, as seen in Fig. 5 , saturation of short circuit current is a drawback since the current per surface area decreases with length. Recombination lifetime is seen to be a limiting factor. It is possible to increase the performance of a long nanowire if charge carriers are efficiently collected before they recombine. One way to do that is to decrease the length of the nanowire. However the drawback in that approach is clear -the shorter the length, the smaller the number of photons collected, and therefore the smaller the charge generated and collected, which will result in smaller current. A novel approach to circumventing this problem is to use an interdigitated pattern of electrodes that make multiple contacts to a long nanowire across its length, instead of just two contacts at the ends. This will cause the photo generated carrier collection efficiency to increase since electrons and holes now have to travel shorter distances to reach a contact. We have found that distance between two consecutive metal pads should be on the order of a diffusion length to gain any improvement in current. The longer the wire the greater the improvement. For a nanowire of length 1000 µm, the short circuit current improves by a factor of more than 3. If the nanowire has large surface roughness, resulting in smaller lifetimes, the improvement with multiple contacts will be possible at even shorter lengths as diffusion length will be shorter.
IV. CONCLUSION
A single nanowire with two dissimilar metal contacts have been studied with device simulation. Both short circuit current and open circuit voltage increase with wire length but they eventually saturates due to recombination of minority carriers as they transport towards the contact pads. The saturation length is found to be five times the diffusion length which is understood to be the result of exponential nature of the density of diffused carriers. Effects of metal work function difference on photovoltaic properties have also been studied. The larger the difference, the better the solar cell. Moreover, work function difference of 1.5eV can eliminate any doping necessary in a p-i-n type axial solar cells. The current density decreases fast with wire length due to the saturation effect. We believe our multiple contact design can minimize such drawbacks. 
